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MinireviewA Vicious Cycle: RNA Silencing
and DNA Methylation in Plants
evidence from a fungal system that methylation within
the transcribed region of a gene impedes transcription
elongation (Rountree and Selker, 1997), and such a
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mechanism might also function in plants. This articleBloomberg School of Public Health
will focus on recent results from plant systems that shed615 N. Wolfe St.
light on this potential novel role for DNA methylation.Baltimore, Maryland 21205
Which RNA Species Directs DNA Methylation?
A demonstration that RNA can direct DNA methylation
came, several years ago, from a study with a plant RNASeveral new studies have stimulated intense interest in
viroid in tobacco (Wassenegger et al., 1994). In this work,understanding the mechanism and evolutionary signifi-
a transgenic tobacco strain was engineered with eithercance of RNA silencing, the targeted degradation of
replication-proficient or replication-deficient viroid ge-RNA (reviewed in Sharp, 2001). RNA silencing is typically
nomes present on the transgene. Uniquely in the replica-triggered by double-stranded RNA (dsRNA). The dsRNA
tion-proficient lines, the viroid transgene DNA becametrigger is diced into very small species of 21–25 nt
methylated. Sequences in the tobacco genome can also(siRNAs), which then guide sequence-specific cleavage
be methylated by infection with RNA viruses containingof other homologous RNAs, such as messenger RNAs.
homologous segments, although only transgene targetsThus, both the trigger and target RNAs are ultimately
have been successfully methylated by this means todestroyed. This mechanism occurs in eukaryotic organ-
date (Jones et al., 1999; Thomas et al., 2001). Theseisms as diverse as the laboratory plant Arabidopsis thali-
results tie in with the observation from several plantana, nematode worms, and mice. It is speculated that
transgene systems that transgenes experiencing RNA
RNA silencing exists as a defense against invasive
silencing often display methylation within the coding
dsRNA species such as RNA viruses. In fact, plants can
sequences of the transgene. The interpretation of these
recover from infection by RNA viruses via RNA silencing
results is that one or more aberrant RNA species pro-
(Ratcliff et al., 1999). RNA silencing might also have
duced by RNA viruses or transgenes—dsRNA, siRNAs,
a role in developmental regulation. Furthermore, RNA
or some other unusual form—actually contact genomic
silencing induced by injected dsRNA or dsRNA ex- DNA and provide a signal for methylation of the con-
pressed from a transgene provides a powerful tool for tacted region (Figure 1; Jones et al., 1999). In this way,
reverse genetics in animals and plants. RNA-directed DNA methylation can be thought of as a
Plant RNA silencing displays certain unique features violation of the “central dogma” that biological informa-
beyond this common framework. For example, some tion flow moves from DNA to RNA.
plant transgene constructs that would not obviously The idea that siRNAs might direct DNA methylation
produce dsRNA nonetheless produce siRNAs and trig- as well as RNA degradation was proposed to account
ger RNA silencing. For this reason, it is thought that in for observations from a two-component transgene RNA
plants, other “aberrant” RNAs exist that can be pro- silencing system developed in Arabidopsis (Dalmay et
cessed into siRNAs. In addition, plant RNA silencing is al., 2000a). The first component in this system, the trig-
frequently accompanied by DNA cytosine methylation ger RNA for silencing, is generated from a replication-
of the silenced gene (reviewed in Wassenegger, 2000). proficient plant RNA virus genome expressed from a
The general observation from plant transgene RNA si- single-copy “amplicon” transgene. This transgene can
lencing systems is that affected DNA sequences can produce various viral RNA replication intermediates in-
become methylated over the regions that are homolo- cluding dsRNA species. The amplicon viral genome has
gous to the aberrant RNA silencing trigger. been engineered to include a gene encoding green fluo-
Methylation is usually diagnostic of heterochromatin rescent protein (GFP) as a reporter. Arabidopsis plants
formation—that is, the modification and remodeling of carrying the amplicon display a weak RNA silencing
DNA-associated proteins into a condensed chromatin response against the amplicon sequences, with a low
complex. When methylation occurs in the promoters of level of amplicon siRNAs but also a low level of steady-
genes, transcription initiation is blocked. However, when state viral RNAs. However, there is no detectable meth-
methylation occurs in the coding sequences of genes, ylation over the amplicon sequences. The second com-
such as plant transgenes undergoing RNA silencing, ponent, the target for RNA silencing, is a single-copy
transcription is not obviously impaired—at least not at transgene where the GFP gene is expressed from a
the level of initiation. Why then are DNA methylation and strong constitutive promoter and the host plant is
presumably underlying chromatin changes involved in brightly fluorescent. The GFP transgene produces no
detectable siRNA and is not methylated.an RNA-based silencing mechanism? An intriguing ex-
Strikingly, when the two transgenes are combined inplanation is that RNA-directed DNA methylation pro-
a single genome by genetic crosses, activation of RNAvides a means of amplifying the proportion of aberrant
silencing occurs. In the double transgenic plants, thereRNA generated during transcription to reinforce the RNA
is a loss of GFP expression, an increase in the levels ofsilencing process (Jones et al., 1999). In fact, there is
siRNA, and DNA methylation on both transgenes. The
increased levels of siRNA and the DNA methylation are
confined to just the GFP sequences. Because RNA si-1 Correspondence: jbender@welchlink.welch.jhu.edu
Cell
130
production of aberrant RNA molecules, and defects in
these genes do indeed block GFP siRNA production.
Furthermore, defects in the genes also block GFP trans-
gene methylation. Thus, the amplicon x GFP system
argues for a connection between high levels of siRNAs
and methylation of identical DNA sequences.
However, evidence arguing that siRNAs are not the
trigger for RNA-directed DNA methylation comes from
experiments with a virally-encoded protein that sup-
presses host plant RNA silencing through an unknown
mechanism. When this protein, called HC-Pro, is intro-
duced on a transgene into plants that already carry an
RNA-silenced and methylated transgene in the genome,
siRNA levels are reduced below the level of detection
and RNA silencing is blocked (Mallory et al., 2001). But
methylation levels on the target transgene remain unaf-
fected. Thus, either the siRNAs are not the guide for
transgene DNA methylation, or they are effective at pro-
moting methylation at much lower levels than are re-
quired for RNA degradation. The authors propose that
precursor aberrant RNAs, rather than the siRNAs them-
selves, provide the methylation signal. This model can
be reconciled with the observations from the amplicon
x GFP system if an intermediate RNA species whose
Figure 1. RNA-Directed DNA Methylation production relies on SGS2/SDE1 and SDE3 is directing
Trigger RNA is shown as a dashed line labeled “abRNA” for aberrant methylation. Nonetheless, the issue of which RNA spe-
RNA, and could be siRNA, dsRNA, or another species. Target DNA cies guides methylation currently remains unresolved.
is shown as an arrow (promoter) and black box (coding sequence). Methylation-Deficient Mutations Can Impair
Chromatin/methylation changes are shown as open red circles (low- RNA Silencing
level) and filled red circles (high-level) marked “M.” Note that if high
In addition to the evidence for RNA-directed methylationlevels of trigger RNA are provided directly, as from an RNA virus
of target sequences, there is also support for the ideainfection, the SDE gene products are not required.
that methylation amplifies silencing trigger RNAs from
plant genes that do not directly produce dsRNA. This
support comes from a second transgenic Arabidopsislencing and DNA methylation of the GFP target trans-
system where the plant carries two tandem direct repeatgene do not occur in the presence of a control amplicon
copies of a GUS reporter gene expressed from a strong
construct that lacks viral replication functions, the acti-
constitutive promoter (Mourrain et al., 2000). The GUS
vating silencing interaction is likely to be mediated by
reporter RNA is subject to RNA silencing and the GUS
viral RNA species.
DNA sequences display dense methylation in the coding
The interaction has been postulated to involve the region, especially towards the 3 end of the gene. GUS
contact of a viral RNA with the homologous GFP trans- silencing and methylation are blocked by sgs2/sde1
gene DNA that leads to an epigenetic (chromatin/meth- RNA-dependent RNA polymerase mutations, similarly
ylation) change in the GFP coding sequences (Figure to the amplicon x GFP system.
1). As high levels of transcription proceed through this To investigate the role of methylation in GUS RNA
newly modified sequence, aberrant RNAs that can be silencing, two methylation-deficient mutations, ddm1
processed into siRNAs are produced. When the aberrant and met1, were crossed into the GUS transgenic strain
RNA and siRNA levels become high enough, methylation (Morel et al., 2000). DDM1 encodes a protein related to
is directed to the GFP sequences in both transgenes. the yeast SWI2/SNF2 chromatin remodeling factor, and
Presumably, the viral RNA can make the same epige- loss of function in this gene causes a strong reduction
netic modification on the amplicon sequence as it does in overall genomic methylation levels. MET1 encodes a
on the GFP target sequence, but only when both se- cytosine methyltransferase, and loss of function in this
quences are modified does the system reach a level of gene causes a somewhat weaker loss of methylation
aberrant RNAs sufficient to promote methylation, which than displayed by ddm1 mutants. For either methylation
in turn amplifies further production of aberrant RNAs mutation in the GUS silenced strain, some of the mutant
and allows maintenance of the methylation patterns. plants remained silenced, but others displayed a partial
Another piece of the puzzle comes from the results loss of RNA silencing. Impairment of RNA silencing cor-
of genetic screens performed in the double transgenic related with a lower density of residual methylation on
amplicon x GFP strain for mutations that block RNA the GUS transgene. This experiment thus suggests that
silencing and restore GFP expression. This screen has partial loss of coding sequence methylation induced by
yielded loss-of-function mutations in a predicted RNA- the ddm1 or met1 mutations can cause a partial loss of
dependent RNA polymerase gene SGS2/SDE1, and a RNA silencing, consistent with the model that methyla-
predicted RNA helicase gene SDE3 among other loci tion is necessary to reinforce the RNA silencing signal.
(Dalmay et al., 2000b, 2001). These gene products are Another interesting feature of this experiment is that
regardless of whether a GUS ddm1 or GUS met1 plantthought to be involved in RNA metabolism that leads to
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displayed a reduced silencing/methylation phenotype, but that it is important for maintenance of CG methyla-
tion. Recently, the Arabidopsis methyltransferase CMT3its progeny resulting from self-pollination contained a
mix of silenced and unsilenced plants. This observation has been shown to be required for CNG and asymmetric
methylation on endogenous methylated sequences (Lin-suggests that the methylation directed to the GUS trans-
gene is reset after meiosis, and that the ddm1 and met1 droth et al., 2001; Bartee et al., 2001). Thus, this novel
class of plant methyltransferase might be involved inmutations have variable effects on the maintenance of
this freshly reprogrammed methylation. Presumably, the non-CG methylation triggered by aberrant RNAs. In
fact, RNA-directed methylation might effectively recruitddm1 and met1 mutations have not been recovered
in genetic screens for suppressors of GUS silencing multiple methylation systems to the targeted region, so
that defects in any one component would not have abecause of their stochastic and partial effects.
RNA Silencing Directs Unusual strong effect (Figure 1).
The special pattern of RNA-directed asymmetricMethylation Patterns
In animal and plant genomes, the preferred sequence methylation could reflect unique underlying chromatin
changes that effectively channel a proportion of elongat-context for cytosine methylation is CG. This symmetric
sequence is thought to be readily maintained by cyto- ing transcripts into aberrant forms that can be pro-
cessed into siRNAs. An attractive possibility is that RNAsine methyltransferases after each round of DNA replica-
tion. Plant genomes also carry some methylation at the processing factors are complexed with the unique chro-
matin features to capture passing transcripts. If highsymmetric sequence context CNG. And with the advent
of a facile technology for sequencing genomic methyla- levels of asymmetric methylation are indeed a hallmark
of RNA-directed methylation in plants, detailed analysistion patterns, it has become clear that plant genomes
additionally carry methylation on cytosines in asymmet- of methylation patterns throughout a plant genome
could give an indication of which sequences are beingric contexts. The proportion of asymmetric methylation
varies at different methylated regions in the plant ge- actively RNA silenced. Presumably, sequences that
have mostly CG methylation would be targeted for meth-nome. For example, centromere-associated repeats in
Arabidopsis carry mostly CG methylation (Lindroth et ylation by other mechanisms and/or represent se-
quences where a preestablished methylation imprintal., 2001). However, sequencing of a viroid transgene in
tobacco that is subject to viroid RNA-directed methyla- was being maintained in the absence of the triggering
factor.tion revealed that the transgene bears unusually dense
methylation with a very high proportion of methylation DNA Methylation as a Defense Against RNA Viruses
If RNA silencing evolved as a host defense mechanismat asymmetric sites (Pelissier et al., 1999). Similar se-
quencing analysis has not been performed with the Ara- against RNA viruses, why would a DNA component be
built into the system? The DNA component could per-bidopsis amplicon x GFP or the RNA-silenced GUS
transgene systems, but the patterns of cleavage inhibi- haps guard against reverse-transcribed viral segments
that find their way into the host genome. In this scenario,tion for methylation-sensitive restriction enzymes on
these sequences also imply that there is a high propor- the invading sequence could potentially insert down-
stream of an endogenous promoter and continue totion of non-CG methylation.
The explanation for these observations may be a two- exert deleterious effects even in the absence of the
original infecting virus. However, because the system istiered methylation system with a basal level of easily
maintained CG methylation and an additional level of designed so that the invading sequence is efficiently
marked with methylation by viral RNAs, its continuedRNA-directed non-CG methylation. Two levels of meth-
ylation are suggested by experiments where a methyl- expression from an upstream endogenous promoter
would lead to aberrant transcripts, siRNA production,ated target of RNA-directed DNA methylation is sepa-
rated from its RNA trigger. For example, in the double and RNA silencing. An additional benefit in this situation
is that the preexisting viral siRNAs generated from theGUS transgene Arabidopsis RNA silencing system, the
starting transgene displays patterns of restriction en- integrated viral sequence could “immunize” the host
plant against reinfection with the same virus. With in-zyme digestion diagnostic of heavy CG and CNG methyl-
ation. However, when RNA silencing is blocked by muta- creasing plant genomic sequence resources, it might
be possible to identify integrated viral segments andtions in the SGS2/SDE1 gene, the CNG methylation is
abolished and only a low level of CG methylation persists obtain experimental support for this hypothesis.
Whether animal RNA silencing systems also trigger(Mourrain et al., 2000). Similarly, when RNA-directed
DNA methylation is induced on a target tobacco trans- methylation and chromatin changes remains ambigu-
ous. Some of the best-characterized animal systems,gene by infection with an engineered virus carrying the
transgene sequence, the transgene DNA in the virally- such as nematode worms, lack genomic methylation
machineries, so a direct comparison with plant RNAinfected plants displays restriction enzyme digestion
patterns diagnostic of symmetric and asymmetric meth- silencing-induced methylation changes cannot be made.
And even animals like mice that do have genomic meth-ylation (Jones et al., 2001). However, the transgene DNA
in progeny of the infected plants displays patterns diag- ylation lack the ability to efficiently propagate the non-CG
methylation pattterns associated with RNA silencingnostic of only residual CG methylation. Silencing of the
tobacco MET1 methyltransferase does not significantly in plants. Superficially, these methylation differences
suggest that RNA-directed DNA methylation might beaffect the initiation or the maintenance of transgene
asymmetric methylation in virally infected plants, but it unique to plants. In this case, animals might have
evolved a different mechanism for marking integrateddoes block the residual CG methylation in progeny
plants. These results suggest that MET1 is not important RNA virus segments, or they might have dispensed with
this silencing reinforcement mechanism entirely. How-for viral RNA-directed dense asymmetric methylation,
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ever, because the underlying chromatin changes associ-
ated with RNA-directed methylation in plants are cur-
rently unknown, it could be that animals make the same
chromatin changes in response to RNA silencing despite
differences in methylation patterning. In fact, the possi-
bility of RNA-silencing-associated chromatin changes in
nematode worms is suggested by the observation that
some mutations that block RNA silencing also activate the
movement of previously encrypted transposable elements
(Ketting et al., 1999). Clearly, an exciting and challenging
direction for the field is dissecting the factors that asso-
ciate with genomic targets of RNA silencing in both
plants and animals. Perhaps RNA-directed methylation
in plants is pointing us toward a new layer of genome
defense against invasive sequences.
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